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Abstract Purpose: To describe the
mechanics and possible clinical impor-
tance of left ventricular (LV) rotation,
exemplify techniques to quantify LV
rotation and illustrate the temporal
relationship of cardiac pressures, elec-
trocardiogram and LV rotation.
Materials and methods: Review of
the literature combined with selected
examples of echocardiographic mea-
surements. Results: Rotation of the
left ventricle around its longitudinal
axis is an important but thus far
neglected aspect of the cardiac cycle.
LV rotation during systole maximizes
intracavitary pressures, increases
stroke volume, and minimizes myo-
cardial oxygen demand. Shearing and
restoring forces accumulated during
systolic twisting are released during
early diastole and result in diastolic LV
untwisting or recoil promoting early
LV filling. LV twist and untwist are
disturbed in a number of cardiac
diseases and can be influenced by
several therapeutic interventions by
altering preload, afterload, contractil-
ity, heart rate, and/or sympathetic tone.
Conclusions: The concept of LV
twisting and untwisting closely linking
LV systolic and diastolic function may
carry potential diagnostic and thera-
peutic importance for the management
of critically ill patients. Future clinical
studies need to address the feasibility
of assessing LV twist and untwist as
well as the relevance of its therapeutic
modulation in critically ill patients.
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Introduction
Our current clinical understanding and diagnostic evalu-
ation of heart function focus on conformational changes
of the heart in its radial and longitudinal dimensions,
while overlooking an important component of left ven-
tricular (LV) deformation. Even though Leonardo Da
Vinci had already noticed that the mammalian heart
rotates around its longitudinal axis during the cardiac
cycle, it is only recent technical advances that have
allowed noninvasive imaging and assessment of this cir-
cumferential LV motion and expanded our knowledge
about this thus far neglected aspect of the cardiac cycle
[1–3].
Definitions
Several nomenclatures have been used to describe the
deformation of the heart around its longitudinal axis.
According to the definition proposed by Sengupta et al.
[2] in 2008, the term ‘‘rotation’’ refers to the circumfer-
ential motion of the LV around its longitudinal axis. The
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unit of rotation is degrees. Rotation is defined as the angle
between radial lines connecting the center of the LV
cavity in a cross-sectional plane of the assumedly circular
LV to a specific point of the myocardium in the same
plane at end diastole and at any other time point during
the cardiac cycle. Counterclockwise rotation viewed from
the LV apex is arbitrarily defined as positive. Torsion is
defined as the difference between rotation at an apical and
a basal level of the LV over the period of a cardiac cycle.
Furthermore, the term ‘‘twist’’ refers to systolic torsion,
whereas ‘‘untwist or recoil’’ describes the diastolic
changes in apex-to-base rotation.
Mechanics of LV torsion
Recent physiologic studies indicate that the longitudinal
displacement of the atrioventricular plane from the base
to apex of the heart accounts for about 60% of the total
LV stroke volume. Radial compression and circumfer-
ential shortening are believed to contribute substantially
to the remaining stroke volume [3]. Considering the heart
as a complex biological pump, it must be assumed that the
interaction of myofibrillar contraction in all three
dimensions determines the final stroke volume.
Oblique orientation of the muscle bands in the LV
wall set the anatomical basis for LV torsional deformation
during systole and diastole. The myofiber geometry
changes from a right-handed helix in the subendocardium
to a perpendicular fiber orientation in the mid-wall and a
left-handed helical configuration in the subepicardial
muscle layer [4]. LV systolic contraction results in lon-
gitudinal and radial shortening, as well as opposite
rotation of the base and apex around the heart’s longitu-
dinal axis. During LV diastole longitudinal and radial
enlargement of the LV chamber is accompanied by
release of the torsion (recoil or untwisting). The sequence
of twisting and untwisting thereby plays an essential role
for both systolic and diastolic conformation and function
(see Figs. 1, 2, video sequences in the electronic supple-
mentary material) [1–3].
Torsion in systole
During early isovolumic contraction, there is a low
amplitude inital clockwise rotation of the LV apex
followed by a sustained counterclockwise rotation during
the LV ejection period. In contrast, the LV base rotates
counterclockwise during the isovolumic and early ejec-
tion period followed by pronounced clockwise rotation
lasting into the isovolumic relaxation period. Compared
to the apex, rotation of the LV base is smaller in ampli-
tude but relevantly contributes to net torsion (Figs. 1a, 2)
[1–3]. Maximum counterclockwise LV torsion (apical
rotation minus basal rotation) is reached at the end of the
LV ejection period with peak values of *12 at rest and
up to 25 during physical exercise (Figs. 1a, 2) [2].
Compared to the base and apex, mid-ventricular wall
segments do not rotate significantly during the cardiac
cycle [5–7]. Systolic torsion aids in generating maximum
intracavitary pressures with minimum fiber shortening
thereby reducing myocardial oxygen demand [1–3]. A
mathematical model indicated that LV torsion results in
sarcomere shortening of 0.2 lm in the subepicardium and
0.48 lm in the subendocardium. Exclusion of LV torsion
from the model resulted in significantly less subepicardial
(0.1 lm) but more pronounced subendocardial shortening
(0.55 lm). This corresponded to a relevant increase in
myocardial oxygen consumption confirming the hypoth-
esis that LV torsion minimizes myocardial energy
expenditure during systole [1–3].
As a result of the torsional deformation of the LV
during systole comparable to the wringing of a wet towel,
Fig. 1 Diagrams of normal left ventricular torsion in a healthy
volunteer (a) and impaired left ventricular torsion in a patient with
septic shock (b). ECG Electrocardiogram
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spiralling blood flow occurs in the left ventricle [8], the
aorta, and the major conduit arteries [9]. Spiralling of
blood flow is a more efficient means of energy transfer
than propulsion of blood along a straight jet and may play
a role in vital organ perfusion. Distortion of spiralling
blood flow in the abdominal aorta, for example, was
associated with deterioration of renal function in patients
with renal artery stenosis [9].
Torsion in diastole
Systole and diastole are closely interlinked sequences of
the cardiac cycle. Each systolic contraction has a direct
impact on the following diastole and vice versa. One
important link is LV twist, generated during systole,
which is then progressively released during diastole, a
process termed LV untwist or recoil [1–3, 10]. Systolic
LV torsion does not only aid systolic ejection of blood,
but also stores energy by twisting and shearing myofibers
and the interstitial matrix. Near end-systole, when coun-
terclockwise LV torsion is maximum and muscle bands
start to relax sequentially from the subepicardium to the
subendocardium, restoring forces are released and induce
a reverse rotational LV deformation (Figs. 1a, 2). This
LV recoil with the apex turning clockwise and the base
counterclockwise occurs largely during isovolumic
relaxation and the early LV filling period. A correlation
Fig. 2 Diagram depicting the
temporal relationship of apical
and basal LV rotation, LV
torsion, cardiac pressure curves,
and electrocardiogram (ECG).
AoP Aortic pressure, LaP left
atrial pressure, LvP left
ventricular pressure, JVP
jugular venous pressure, MVC
mitral valve closure, AVO aortic
valve opening, AVC aortic valve
closure, MVO mitral valve
opening
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exists between the peak systolic LV torsion and the peak
LV untwisting rate. The maximum untwisting rate in turn
is correlated with the time constant of LV pressure decay
(tau), a catheter-derived measure of LV relaxation [10].
Diminished systolic torsion is therefore inevitably asso-
ciated with impaired LV recoil and reduced early diastolic
filling offering an explanation why patients with systolic
heart failure frequently exhibit impaired diastolic function
[11].
The key role of LV recoil in diastolic function is
further underlined by the correlation of the rate of LV
apical untwisting with established parameters of diastolic
function such as early diastolic mitral inflow velocity and
the ratio of early diastolic mitral inflow velocity to mitral
septal annular velocity in adults with preserved LV sys-
tolic function [12]. Similarly LV recoil was correlated
with both passive (e-wave of mitral inflow) and active (a-
wave of mitral inflow) filling of the left ventricle [5].
Furthermore peak LV untwisting rate is an independent
predictor of the intraventricular base-to-apex pressure
gradient that is considered a measure of diastolic suc-
tioning during early diastolic filling [10]. In summary,
disturbed LV recoil is paralleled by impaired LV filling,
thereby decreasing end-diastolic volume and finally
stroke volume [1–3, 10].
It remains a matter of debate if LV recoil is a truly
active or passive process and where recoiling energy is
stored during systolic LV torsion. One assumption is that
the large sarcomeric protein titin accumulates energy
during systole and acts as a bidirectional spring during
diastole. Further potential sources of elastic recoiling
forces built-up during LV twisting are shear stress among
subendocardial and subepicardial muscle bands as well as
the three-dimensional extracellular matrix [1–3].
As outlined above, the magnitude of LV torsion has a
significant impact on LV recoil and diastolic filling. This
mechanistic link of systole and diastole becomes partic-
ularly crucial when tachycardia reduces diastolic filling
time (e.g., during exercise). Atrial pacing at 160% of the
baseline heart rate increased rotation of both the anterior
and posterior walls of the left ventricle in a canine model
[13]. Similarly, pacing augmented the total amplitude of
LV apical rotation by 42% in open-chest dogs [14].
Tachycardia induced augmentation of LV rotational
deformation results in improved diastolic suction and may
explain why stroke volume is maintained or even slightly
increased during tachycardia and exercise despite short-
ened LV diastolic filling times [2]. During short-term
exercise, LV rotation may become almost doubled [15].
Interestingly, long-term exercise training can decrease the
amplitude of systolic LV torsion at rest, and trained ath-
letes thus exhibit lower LV twist and untwist velocities
than untrained subjects [16]. It is assumed that reduced
systolic LV torsion at rest in athletes represents a func-
tional reserve to be recruited during exercise [2].
Quantification of LV torsion
Until two decades ago, LV torsion and recoil could only
be quantified by implanting radiopaque tantalum markers
into the myocardium during open heart surgery. Recent
technological advances have made noninvasive imaging
and assessment of LV rotation possible. Currently, tagged
MRI is considered the gold standard to evaluate LV tor-
sional motion despite a restricted temporal resolution.
Due to the need for transport, long examination times, and
the requirement for repeated breath holds, MRI appears
unsuitable for the critically ill patient. Transthoracic
echocardiography using speckle tracking imaging, on the
other hand, can be performed at the bedside and mea-
surements of torsion correlate well with those obtained by
MRI in humans (r = 0.93) during rest and dobutamine
infusion. Disadvantages of speckle tracking imaging
include the reliance on adequate image quality, the
attempt to track a three-dimensional motion with a two-
dimensional image and a relatively high intra- and inter-
observer variability (5–10%) [1–3, 17]. Frame rates of at
least 40 frames per second (fps), ideally 50–90 fps, are
needed to accurately depict rotational motion by echo-
cardiography. Only recently a transesophageal system has
been developed capable of acquiring three-dimensional
data sets and computing torsion based on those data sets
although so far with the drawback of inadequately low
frame rates for image acquisition (for illustration, see
video sequences in the electronic supplementary
material).
Quantification of LV rotation has been suggested to be
a sensitive tool to detect early changes in LV systolic and
diastolic function. Current data indicate that rotational
deformation in heart failure patients is a more accurate
marker of changes in cardiac muscle performance or
predictor of outcome than conventional measures such as
ejection fraction or stroke volume [1–3, 18].
LV torsion during health and disease
The characteristics of LV torsion undergo substantial
changes during the aging process. LV systolic torsion
gradually increases from infancy to adulthood [1–3]. LV
systolic torsion continues to increase with aging as a
result of increased apical rotation and decreased rotational
deformation delay between the apex and base. This may
offer an explanation for the preservation of LV ejection
fraction in the elderly [19]. Nevertheless, the increase in
peak systolic torsion is paralleled by a progressive decline
in subendocardial function with aging reducing elastic
and restoring forces of the left ventricle and therefore
impairing LV recoil. Accordingly, diastolic function is
frequently impaired in this age group [1–3].
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The amplitude and timing of LV torsion has been
assessed in different cardiac pathologies (Table 1) [2]. In
patients with impaired systolic function and reduced
ejection fraction, LV systolic torsion and hence LV recoil
were significantly reduced when compared with healthy
controls. Since the anterior free wall and the apex sig-
nificantly contribute to LV twisting, patients with anterior
wall myocardial infarction presented with decreased peak
systolic LV torsion. Again, in those patients diastolic
recoil of the LV and LV filling were reduced and delayed.
Chronic mitral regurgitation resulted in the loss of rapid
LV recoil during early diastole and disruption of the close
coupling between LV recoil and filling [2]. In patients
with chronic pressure overload due to aortic stenosis or
with hypertrophic cardiomyopathy with obstruction of the
LV outflow tract, counterclockwise rotation of the apex
was increased resulting in unchanged or even increased
amplitude of systolic LV torsion (Fig. 3a). Such an aug-
mentation of LV torsion was postulated to represent a
compensatory mechanism of the LV to overcome
increased afterload as LV torsion optimizes energy
expenditure by maximizing intracavitary pressures with
minimal myofiber shortening. However, such a compen-
satory increase in systolic LV torsion does not translate
into enhanced diastolic LV recoil. Several authors
observed that diastolic untwisting was delayed and peak
rotation velocity reduced offering another potential
explanation for the frequently observed diastolic dys-
function in these patients (Fig. 3a) [20].
Therapeutic modulation of LV torsion
Several therapeutic interventions commonly applied in
critically ill patients affect LV torsion and recoil.
Basically, a directly proportional relationship between LV
torsion and end-diastolic volume as well as an inversely
proportional relationship between LV torsion and end-
systolic volume exist. Thus, changes in loading conditions
and contractility influence the magnitude of LV rotation
during the cardiac cycle [1–3]. Augmentation of torsion
parameters in response to volume loading or inotropic
support was termed positive plecotropy [21].
Changes in loading condition
First studies evaluating the effects of changes in loading
conditions on LV twist and untwist reported conflicting
results. When isolated heart models were investigated, it
became clear that LV rotation is substantially affected by
both preload and afterload [22]. By using MRI tissue tag-
ging in an isolated, blood-perfused, ejecting heart model,
Dong et al. [22] reported that at a constant end-systolic
Table 1 Left ventricular torsion in different cardiac diseases [2]
Type of cardiac
disease
LV twist LV untwist
Systolic heart failure Reduced Reduced
Dilated cardiomyopathy Reduced Reduced
Subendocardial ischemia Normal Normal or
reduced
Anterior wall MI Reduced Reduced
Chronic mitral regurgitation Reduced Reduced
Diastolic heart failure Normal or increased Normal or
reduced
Aortic stenosis Normal or increased Reduced
Hypertrophic
cardiomyopathy
Normal or increased Reduced
Restrictive cardiomyopathy Normal or increased Normal
Constrictive pericarditis Reduced Reduced
Diabetic cardiomyopathy Normal or increased Normal or
reduced
LV Left ventricular, MI myocardial infarction
Fig. 3 Diagrams of left ventricular rotational parameters in a
patient before (a) and 24 h following aortic valve replacement
(b) with a biologic valve for severe degenerative aortic valve
stenosis
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volume, LV systolic torsion increased with higher end-
diastolic volumes (end-systolic volume of 14 mL:
9.4 ± 3.4 vs. 12.2 ± 4 at an end-diastolic volume of
21.7 and 26.7 mL, respectively; end-systolic volume of
22 mL: 6.4 ± 5.1 vs. 8.1 ± 3 at an end-diastolic volume
of 26.7 and 32.4 mL). However, increasing preload by
administration of fluids in patients with normal systolic
function only moderately augmented LV torsion but sig-
nificantly decreased the proportion of untwisting prior to
mitral valve opening and untwisting acceleration and
additionally delayed the timing of peak untwisting [23].
Similar effects of increasing preload on LV untwisting
were observed by other authors [24, 25]. Increasing
afterload at a constant end-diastolic volume (26.7 mL) in
the above-mentioned isolated, blood-perfused, ejecting
heart model, decreased LV torsion significantly from
12.2 ± 4 to 10.7 ± 3.9 to 6.4 ± 5.1 as the end-systolic
volume increased from 14.5 to 17.1 to 21.5 mL [22]. These
results are in accordance with two earlier studies [24, 26].
However, in heart-transplanted patients, no change in LV
torsion was observed in response to a methoxamine-
induced increase in afterload [25, 27]. This discrepancy
most likely results from the fact that methoxamine may not
only increase afterload but may augment preload as well,
thereby compensating for the afterload-induced reduction
in LV torsion. Decreasing both preload and afterload with
glyceryl trinitrate resulted in improved diastolic recoil and
earlier onset of LV untwisting [23].
Changes in contractility
Apart from their intrinsic ability to speed LV relaxation
under physiologic conditions (positive lusitropy through
phosphorylation of phospholamban and activation of the
sarcoplasmatic reticular calcium ATPase), beta-adrener-
gic drugs were found to influence the extent of LV
rotation. In more detail, dobutamine infusion increased
LV torsion by augmenting the rotational amplitude of
both base and apex, accounting for additional accumula-
tion of restoring energy with higher untwisting velocities
facilitating early diastolic filling [9, 13, 22, 25, 27, 28]. In
the above cited model of isolated, blood-perfused hearts,
dobutamine significantly increased LV torsion (from
8.7 ± 1.5 to 13.3 ± 4.3) and peak systolic pressures at
constant end-diastolic and end-systolic volumes suggest-
ing a direct inotropic effect on LV torsion not mediated
by changes in volume but by changes in force [22].
Dobutamine administered to cardiac transplant recipients
at 5 lg kg-1 min-1 resulted in a significant augmentation
of both LV twisting and untwisting [27]. In contrast
application of a beta-blocker resulted in a decrease in both
LV twisting and untwisting [10]. When taking into
account these observations with the focus on critically ill
patients, one has to remember that all mentioned inves-
tigations were either performed in healthy subjects or
patients with maintained systolic function. Detrimental
effects of beta-stimulation on both systolic and diastolic
function have been reported in various disease states [29].
Dobutamine is the only inotropic substance that has
been investigated so far for its effects on LV rotation. The
plecotropic effects of other positive inotropic agents
may be delineated according to their pharmacological
properties. For example, a beta-adrenergic-mediated
augmentation of both LV twist and untwist could partly
be counteracted by an alpha-adrenergic-induced increase
in afterload during therapy with epinephrine. The use of
phosphodiesterase inhibitors or calcium sensitizers may
exert particularly beneficial effects on LV rotation due to
a concomitant increase in contractility and a decrease in
LV afterload. Levosimendan’s positive lusitropic effects
could specifically improve LV untwist parameters [30].
Changes after cardiac surgery and cardioplegia
Although no data have been published so far on the
effects of cardiac surgery and cardioplegia on LV torsion,
it is conceivable that LV twist and untwist may be sig-
nificantly impaired early after cardiac surgery. Figure 3
depicts torsional parameters of a patient with severe aortic
stenosis before (Fig. 3a) and 24 h after biologic aortic
valve replacement (Fig. 3b). LV torsion appears rele-
vantly impaired emphasizing the need for future studies
on the effects of cardiac surgery and cardioplegia on LV
torsion as well as therapeutic strategies to improve rota-
tional parameters during the early postoperative phase.
Potential clinical implications for the management
of critically ill patients
So far, no data on LV torsion and recoil in intensive care
patients have been published. However, evolving knowl-
edge on LV rotation and its impact on systolic and
diastolic function may have important implications for the
hemodynamic management of critically ill patients. First,
given that LV twist and untwist are impaired in several
cardiac diseases, the intensivist must assume that a rele-
vant number of critically ill patients present with
disturbances of LV torsion due to their underlying heart
disease (Fig. 3a). Whether detection of acute changes in
LV torsion during critical illness can improve detection of
cardiac dysfunction or prediction of patient morbidity and
mortality needs to be investigated in future studies.
Finally and probably most importantly, the concept of LV
torsion and recoil can substantially contribute to the
pathophysiologic understanding of acute heart failure in
critically ill patients and improve the use of therapeutic
interventions in these patients. Moreover, the dependence
of both LV recoil and early diastolic filling on the force
and magnitude of LV torsion could open new therapeutic
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windows for the treatment of patients with acute diastolic
heart failure. Particularly, the therapy approach to these
patients, which currently involves heart rate control,
cautious fluid therapy, and avoidance of positive inotropic
drugs [31], could be dramatically challenged. Hypotheti-
cally, afterload reduction and the infusion of beta-
adrenergic drugs such as dobutamine may improve car-
diac function even in the presence of diastolic dysfunction
by enhancing LV torsion and consequently LV recoil and
diastolic filling. However, future clinical trials need to
prove the superiority and safety of such a therapy
approach in critically ill patients with acute diastolic heart
failure.
Conclusions
Rotation of the left ventricle around the heart’s longitu-
dinal axis is an important but thus far neglected aspect of
the cardiac cycle. LV torsion during systole maximizes
intracavitary pressures, increases stroke volume, and
minimizes oxygen demand. Shearing and restoring forces
generated during systolic torsion are released during early
diastole and result in LV recoil, which promotes LV
suction and diastolic filling. LV torsion is disturbed in a
number of cardiac diseases and can be influenced by
several therapeutic interventions that affect preload,
afterload, contractility, heart rate, and/or sympathetic
tone. The concept of LV rotation closely linking systolic
and diastolic function may carry crucial diagnostic and
therapeutic implications for the management of critically
ill patients. Future studies need to address the diagnostic
relevance and therapeutic modulation of LV torsion in
critically ill patients.
Conflict of interest No author has a conflict of interest in regards
of methods, techniques, or drugs discussed in this manuscript.
References
1. Burns AT, McDonald IG, Thomas JD,
Maclsaac A, Prior D (2008) Doin’ the
twist: new tools for an old concept of
myocardial function. Heart 94:978–983.
doi:10.1136/hrt.2007.120410
2. Sengupta PP, Tajik AJ, Chandrasekaran
K, Khandheria BK (2008) Twist
mechanics of the left ventricle—
principles and application. JACC
Cardiovasc Imaging 1:366–376. doi:
10.1016/j.jcmg.2008.02.006
3. Esch BT, Warburton DER (2009) Left
ventricular torsion and recoil:
implications for exercise performance
and cardiovascular disease. J Appl
Physiol 206:362–369. doi:
10.1152/japplphysiol.00144.2008
4. Streeter DD, Hanna WT (1973)
Engineering mechanics for successive
states in canine left ventricular
myocardium: II. Fiber angle and
sarcomere length. Circ Res 33:656–664
5. Gustafsson U, Lindqvist P, Mo¨rner S,
Waldenstro¨m A (2009) Assessment of
regional rotation patterns improves the
understanding of the systolic and
diastolic left ventricular function: an
echocardiographic speckle-tracking
study in healthy individuals. Eur J
Echocardiogr 10:56–61
6. Van Dalen BM, Soliman OIL, Vletter
WB, ten Cate FJ, Geleijnse ML (2009)
Insights into left ventricular function
from the time course of regional and
global rotation by speckle tracking
echocardiography. Echocardiography
26:371–377
7. Hansen DE, Daughters GT, Alderman
EL, Ingels NB, Miller DC (1988)
Torsional deformation of the left
ventricular midwall in human hearts
with intramyocardial markers: regional
heterogeneity and sensitivity to the
inotropic effects of abrupt rate changes.
Circ Res 62:941–952
8. Sengupta PP, Khandheria BK, Korinek
J, Jahangir A, Yoshifuku S, Milosevic I,
Belolavek M (2007) Left ventricular
isovolumic flow sequence during sinus
and paced rhythms: new insights from
use of high-resolution Doppler and
ultrasonic digital particle imaging
velocimetry. J Am Coll Cardiol
49:899–908
9. Houston JG, Gandy SJ, Milne W, Dick
JB, Belch JJ, Stonebridge PA (2004)
Spiral laminar flow in the abdominal
aorta: a predictor of renal impairment
deterioration in patients with renal
artery stenosis? Nephrol Dial
Transplant 19:1786–1791
10. Notomi Y, Popovic ZB, Yamada H,
Wallick DW, Martin MG, Oryszak SJ,
Shiota T, Greenberg NL, Thomas JD
(2008) Ventricular untwisting: a
temporal link between left ventricular
relaxation and suction. Am J Physiol
Heart Circ Physiol 294:H505–H513.
doi:10.1152/ajpheart.00975.2007
11. Hoit BD (2007) Left ventricular
diastolic function. Crit Care Med
35(Suppl 8):S340–S347
12. Perry R, De Pasquale CG, Chew DP,
Joseph MX (2008) Assessment of early
diastolic left ventricular function by
two-dimensional echocardiographic
speckle tracking. Eur J Echocardiogr
9:791–795
13. Buchalter MB, Rademakers FE, Weiss
JL, Rogers WJ, Weisfeldt ML, Shapiro
EP (1994) Rotational deformation of
the canine left ventricle measured by
magnetic resonance tagging: effects of
catecholamines, ischaemia, and pacing.
Cardiovasc Res 28:629–635
14. Cheng CP, Freeman GL, Santamore
WP, Constantinescu MS, Little WC
(1990) Effect of loading conditions,
contractile state, and heart rate on early
diastolic left ventricular filling in
conscious dogs. Circ Res 66:814–823
15. Neilan TG, Ton-Nu TT, Jassal DS,
Popovic ZB, Douglas PS, Halpern EF,
Marshall JE, Thomas JD, Picard MH,
Yoerger DM, Wood MJ (2006)
Myocardial adaption to short-term high-
intensity exercise in highly trained
athletes. J Am Soc Echocardiogr
19:1280–1285
16. Zocalo Y, Bia D, Armentano RL, Arias
L, Lopez C, Etchart C, Guevara E
(2007) Assessment of training-
dependent changes in the left ventricle
torsion dynamics of professional soccer
players using speckle tracking
echocardiography. Conf Proc IEEE Eng
Med Biol Soc 1:2709–2712
162
17. Sengupta PP, Krishnamoorthy VK,
Korinek J, Narula J, Vannan MA,
Lester SJ, Tajik JA, Seward JB,
Khandheria BK, Belohlavek M (2007)
Left ventricular form and function
revisited: applied translational science
to cardiovascular ultrasound imaging.
J Am Soc Echocardiogr 20:539–551
18. Sanderson JE (2008) Left and right
ventricular long-axis function and
prognosis. Heart 94:262–263. doi:
10.1136/hrt.2006.109348
19. Van Dalen BM, Soliman OSL, Vletter
WB, ten Cate FJ, Geleijnse ML (2008)
Age-related changes in the
biomechanics of left ventricular twist
measured by speckle tracking
echocardiography. Am J Physiol Heart
Circ Physiol 295:H1705–H1711
20. Nagel E, Stuber M, Brukhard B, Fischer
SE, Scheidegger MB, Boesiger P, Hess
OM (2000) Cardiac rotation and
relaxation in patients with aortic valve
stenosis. Eur Heart J 21:582–589. doi:
10.1053/euhj.1999.1736
21. Burns AT, La Gerche A, MacIsaac AI,
Prior DL (2008) Augmentation of left
ventricular torsion with exercise is
attenuated with age. J Am Soc
Echocardiogr 21:315–320
22. Dong SJ, Hees PS, Huang WM, Buffer
SA, Weiss JL, Shapiro EP (1999)
Independent effects of preload,
afterload and contractility on left
ventricular torsion. Am J Physiol Heart
Circ Physiol 277:1053–1060
23. Burns AT, La Gerche A, Prior DL,
MacIsaac AI (2010) Left ventricular
torsion parameters are affected by acute
changes in load. Echocardiography
27:407–414
24. Gibbons Kroeker CA, Tyberg JV, Beyar
R (1995) Effects of load manipulations,
heart rate, and contractility on left
ventricular apical rotation. An
experimental study in anesthetized
dogs. Circulation 92:130–141
25. Moon MR, Ingels NB, Daughters GT,
Stinson EB, Hansen DE, Miller DC
(1994) Alterations in left ventricular
twist mechanics with inotropic
stimulation and volume loading in
human subjects. Circulation
89:142–150
26. MacGowan GY, Burkhoff D, Rogers
WJ, Salvador D, Azhari H, Hees PS,
Zweier JL, Halperin HR, Siu CO, Lima
JAC, Weiss JL, Shapiro EP (1996)
Effects of afterload on regional left
ventricular torsion. Cardiovasc Res
31:917–925
27. Hansen DE, Daughters GT, Alderman
EL, Ingels NB, Stinson EB, Miller DC
(1991) Effect of volume loading,
pressure loading, and inotropic
stimulation on left ventricular torsion in
humans. Circulation 83:1315–1326
28. Akagawa E, Murata K, Tanaka N,
Yamada H, Miura T, Kunichika H,
Wada Y, Hadano Y, Tanaka T, Nose Y,
Yasumoto K, Kono M, Matsuzaki M
(2007) Augmentation of left ventricular
apical endocardial rotation with
inotropic stimulation contributes to
increased left ventricular torsion and
radial strain in normal subjects—
quantitative assessment utilizing a
novel automated tissue tracking
technique. Circ J 71:661–668
29. Du¨nser MW, Hasibeder WR (2009)
Sympathetic overstimulation during
critical illness: adverse effects of
adrenergic stress. J Intensive Care Med
24:293–316
30. Antila S, Sundberg S, Lehtonen LA
(2007) Clinical pharmacology of
levosimendan. Clin Pharmacokinet
46:535–552
31. Zile MR, Brutsaert DL (2002) New
concepts in diastolic dysfunction and
diastolic heart failure. Part II: causal
mechanisms and treatment. Circulation
105:1503–1508
163
